Groups of healthy, community-dwelling younger and older adults performed a Stroop task in which color and word could be congruent or incongruent and spatially integrated or separated. During the task, continuous electroencephalogram (EEG) was recorded from frontal, parietal, and occipital regions. The magnitude of the Stroop interference effect and task-related EEG activation was greater for older than younger adults when stimuli were integrated. This effect was. significant over medial and lateral frontal and parietal, but not occipital, regions. In comparison, interference and EEG activation did not differ for younger and older adults when stimuli were separated. These findings support the hypothesis that the anterior attention system is more sensitive to the effects of increasing age than the posterior attention system.
an expected location. This finding has been supported by Madden (1990) , who also found that reaction time cost associated with a distractor was similar for younger and older adults when the target appeared at an expected location, if older adults were given sufficient time to focus attention. Findings from work incorporating the inhibition of return (IOR) paradigm also suggest that attentional processes supported by the posterior attention system are relatively immune to the effects of increasing age. In a series of experiments examining IOR, older adults consistently demonstrated inhibition effects of equal or greater magnitude, relative to younger adults, for both detection and discrimination tasks (Hartley & Kieley, 1995) . Similar findings have been reported by McDowd, Filion, Tipper, and Weaver (1995) in a study where older adults again demonstrated greater IOR than younger adults.
In comparison, robust age-related differences tend to emerge when individuals are required to select among multiple streams of cognitive processing, an ability proposed to be supported by the anterior attention system. For instance, in the Stroop Color and Word Test (Stroop, 1935) , older adults consistently demonstrate interference effects of greater magnitude than younger adults when color and word are incongruent (Cohn, Dustman, & Bradford, 1984; Panek, Rush, & Slade, 1984) . This effect is primarily one of interference for incongruent color and word, because the magnitude of the facilitation effect when color and word are congruent is similar for younger and older adults (Spieler, Balota, & Faust, 1996) .
To provide a test of this dissociation between age-related changes in the anterior and posterior attention systems, Hartley (1993) had younger and older adults perform a Stroop task where color and word were integrated or spatially separated. The magnitude of the interference effect was similar for younger and older adults when color and word were separated, whereas interference was greater for older adults when color and word were integrated. Hartley suggested that age-related differences were not observed in the Stroop task when color and word were separated because the posterior attention system, proposed to be immune to the effects of increasing age, acted to filter the irrelevant word information. In comparison, when color and word were integrated, word information was dealt with by the anterior attention system, which is believed to be sensitive to the effects of increasing age.
Existing interpretations of the dissociation between agerelated decline and stability of the anterior and posterior attention systems are founded on the hypothesis of nonuniform age-related decline within various brain structures. This hypothesis of differential decline has been supported by findings from research considering a wide range of structural and functional measures. Haug and Eggers (1991) reported that between the age of 45 and 65 years, there is a (22%) reduction in cell volume within the extrapyramidal cells of the prefrontal cortex and that this reduction is less dramatic in other brain regions (parietal: 6%, orbital frontal: 3%, occipital: 9%). Furthermore, this differential decline is even more pronounced in individuals over the age of 65 years, with reduction in the prefrontal region being greater (extrapyramidal: 43%, orbital: 25%) than in other regions (parietal: 11%, occipital: 13%; Hang et al., 1983; Haug & Eggers, 1991) . Similar findings were reported by Goldman-Rakic and Brown (1981) in a study examining regional distributions of the neurotransmitters dopamine (DA), norepinephrine (NE), and serotonin (5-HT). Levels of DA were significantly reduced in the prefrontal (56%) and superior (39%) and posterior (35%) inferotemporal cortices in nonhuman primates over the age of 18 years. These findings can be contrasted with those related to the parietal and occipital cortices, where levels of DA, NE, and 5-HT remained stable with increasing age (Goldman-Rakic & Brown, 1981) . Patterns of age-related decline in regional cerebral blood flow (rCBF) also support the differential aging hypothesis. Findings from cross-sectional studies indicate that the most extensive reductions in rCBF were observed in the prefrontal and temporal cortices (Melamed, Lavy, Shlomo, Cooper, & Rinot, 1980) , prefrontal and parietal cortices (Shaw et al., 1984) , or selectively in the left anterior cortex (Warren, Butler, Katholi, & Halsey, 1985) . Thus, the prefrontal cortex appears to be highly sensitive to the effects of increasing age, whereas age-related declines have been observed less consistently in other regions, including the temporal, parietal, and occipital cortices.
Given that existing explanations of the dissociation between age-related influences on the anterior and posterior attention systems rely heavily on neurobiological models and that there is evidence indicating age-related declines in brain structure and function in regions supporting these attention systems, the primary goal of the current research was to integrate behavioral performance with a dynamic on-line measure of brain function. In the current study, the continuous electroencephalogram (EEG) was incorporated to provide an on-line measure of brain function. The use of EEG as a measure of brain function in studies of neurocognitive aging is attractive for a number of reasons. Existing evidence indicates that age-related differences between • younger and healthy older adults do not exist in baseline measures of EEG in frequency bands commonly examined in cognitive studies (i.e., alpha, 8-13 Hz; Murata et al., 1994; Orbist, 1979; Soininen & Riekkinen, 1992) . In comparison, resting EEG data have been found to discriminate between healthy older individuals and individuals with various age-related pathologies, including Alzheimer's dementia and cardiovascular disease (Giaquinto & Nolfe, 1986) . This age invariance allows potential differences in task-related patterns of brain electrical activity in younger and older adults to be directly evaluated, without concern for differential levels of baseline activity. In comparison with age invariance in baseline measures, task-related differences in EEG measures have been observed between younger and older adults in tasks measuring a variety of skills, including visual and verbal memory, logical reasoning, and high-level linguistic skills (Marciani, Maschio, Spanedda, Caltagirone, & Bernardi, 1994) . Because of its reciprocal relation with sensory stimulation and mental activity (Ray, 1990) , alpha (8-13 Hz) is the standard frequency that has been used in many adult EEG studies of cognitive processing (e.g., Davidson, Chapman, Chapman, & Henriques, 1990; Ray & Cole, 1985) . Recently, many researchers have begun to suggest that there are high and low rhythmic components within the traditional 8-13-Hz band and that these components are associated with differences in attention, memory, and emotional state (Crawford, Clarke, & Kitner-Triolo, 1996; Crawford & Vasilescu, 1995; Derad, Pietrowsky, Dodt, Fehm, & Born, 1996) . Statistically, this idea of different rhythmic components within the traditional 8-13-Hz alpha frequency band has been supported by factor analytic work showing a low-alpha and high-alpha component to adult EEG (Goncharova & Davidson, 1995) .
The general predictions of the study were straightforward. When task performance could be supported by the posterior attention system, age-related differences were not expected to emerge in either behavioral performance or electrophysiological activation. In comparison, when task performance could be supported only by the anterior attention system, age-related differences were expected to emerge in both behavioral performance and electrophysiological activation. In the study, younger and older adults performed a Stroop color-word task, in which color and word information was integrated or spatially separate, with the word appearing immediately below the color.
The Stroop task and this experimental manipulation are attractive for a variety of reasons. Previous research in the area of cognitive aging has consistently demonstrated agerelated differences in the Stroop interference effect when color and word appear at the same location (Panek et al., 1984; Spieler et al., 1996) and no age-related differences when color and word are separated (Hartley, 1993; West, 1996a) . Also, work in the area of neuroimaging has identified a number of frontal brain structures that are activated during performance of the Stroop task (Bench et al., 1993; Pardo, Pardo, Janer, & Raichle, 1990) , facilitating neurobiological interpretations of any age-related differences that may emerge. On the basis of previous work, the magnitude of the Stroop interference effect was expected to be larger for older adults when color and word were integrated at the same location, and EEG activation was expected to be greater for older than younger adults. When color and word were spatially separate, the magnitude of the Stroop interference effect and EEG activation were not expected to differ for younger and older adults. In addition, on the basis of neurobiological evidence, age-related differences in EEG activation during performance of the Stroop task were expected to be greater over anterior than posterior recording locations, if increasing age is associated with an accelerated decline in frontal brain structures.
Method

Participants
Twenty younger adults (10 women and 10 men; M = 20.30 years, range ---18-28 years) and 19 older adults (10 women and 9 men; M = 70.47 years, range = 62-78 years) provided complete data for the study. Electroencephalogram data from 1 older man were lost due to equipment failure. The groups did not differ in years of education, F(1, 37) = 1.74, p = .69, MSE = 4.98 (M = 13.9 years and M = 14.8 years, respectively for young and old) or on performance of the Mini-Mental State Examination (Folstein, Folstein, & McHugh, 1975) 
Electroencephalogram Data
Collection section) entered as dependent measures. There were no reported incidences of stroke, ischemic attack, head injury, or neurological disease by any participant. Younger adults were recruited from the human participant pool of the psychology department and received course research credit for their participation. Older adults were recruited from the community and received a modest stipend for their participation.
presented in light gray. Stimuli subtended between 1.37 ° and 3.11 o by 1.00 ° of visual angle in integrated conditions and 1.37 ° and 3.11 ° by 2.24 ° of visual angle inseparated conditions, when viewed from 46 cm. Each block contained a maximum of 100 trials, which no participant completed during the EEG-recording interval.
Procedure
All participants were tested individually and were informed that the purpose of the study was to examine the relations among task performance, brain electrical activity, and increasing age. After an overview of the study, informed consent and biographical information were obtained. The electroencephalograph (EEG) cap and EOG electrodes were then applied, and 2 min of baseline recordings were taken in a counterbalanced fashion, 1 min while the participant sat quietly with eyes closed and 1 min while the participant sat quietly with eyes open. 1 After the baseline EEG recordings, we introduced the Stroop task to the participant, and they completed the practice trials. Participants then performed separate 1-min blocks of each of the four experimental conditions (congruent integrated, congruent separated, incongruent integrated, and incongruent separated) in a counterbalanced order while the EEG was recorded. After completion of these blocks, the EEG cap and EOG electrodes were removed and the abrasive and conductive gels were removed from each participant's hair. The Mini-Mental State Examination was then completed, and each participant was fully debriefed as to the nature of the study.
EEG Data Collection
EEG data were collected from frontal medial (F3-F4), frontal lateral (F7-F8), parietal (P3-P4), and occipital (O1-O2) scalp locations. The reference electrode was at central zed, and EEG data were later rereferenced through software to an average reference configuration. Electrical activity from each EEG lead was amplified with SA Instrumentation (San Diego, CA) bioamps and bandpassed from 1 to 100 Hz. The EEG signal was digitized at a sampling rate of 512 Hz, to prevent aliasing. Electro-oculogram (EOG) data were also recorded and used for later artifact scoring.
Materials
In the Stroop task, each participant was asked to identify one of four colors (red, blue, green, or yellow) by pressing one of four keys (V, B, N, or M) as quickly as possible. All participants reported a right-hand preference and used the four fingers of the fight hand to perform the task, resting the heel of the hand on a table and moving only the fingers. The Stroop task was divided into a practice and experimental phase. In the practice phase, participants performed five blocks of 20 trials, where each of the four colors was presented equally often in a series of Xs equal in length to the color's name (i.e., xxx for red, Xxxx for blue, xxxxx for green, and xxxxxx for yellow). In the experimental phase, participants performed four task conditions representing a 2 (color-word: congruent vs. incongruen0 × 2 (color-word: integrated vs. separated) factorial, counterbalanced in a Latin square design. In congruent conditions, color and word were the same (i.e., RED presented in the color red), whereas in incongruent conditions, the word appeared in one of the other three colors (i.e., RED presented in the color blue, green, or yellow). In the integrated conditions, color and word appeared at the same location on the computer monitor, whereas in the separated conditions, the color was presented immediately above the word in a series of Xs, equal in length to the number of characters in the word, and the word was
EEG Data Analysis
The average reference EEG data were artifact scored by means of software developed by the James Long Company (Bethesda, MD). Using the digitized EOG signal as a guide, eye movements as well as other motor artifact were eliminated from subsequent analyses. Artifact-free portions of the data were submitted to a discrete Fourier transform, using a Hanning window with a width of 1 s and an overlay of 50%. Power was computed for the lowalpha (8-10-Hz) frequency band and expressed as mean square microvolts. Data were transformed using the natural logarithm (In) to normalize the distribution.
Results
Behavioral Results
All results of the behavioral and electrophysiological data were evaluated at the p < .05 level. Median response Research has demonstrated that stable spectral parameters of the EEG can be obtained with as little as 20 s of artifact-free recording (Gasser, Bacher, & Steinberg, 1985; Matousek, Arvidsson, & Friberg, 1979) . latencies for correct trials were submitted to a 2 (age) × 2 (stimulus congruency) × 2 (stimulus integration) analysis of variance (ANOVA). The three-way Age × Stimulus Congruency × Stimulus Integration interaction was significant (see Figure 1 ), F(1, 37) = ll.13,p < .003, MSE = 18,092. 2 On the basis of previous findings, this interaction was expected to be driven by the presence of greater interference for older than younger adults when color and word were integrated, with equivalent interference for older and younger adults when color and word were separated (Hartley, 1993; West, 1996a) . This hypothesis was evaluated in a set of Age × Stimulus Congruency simple interaction tests, when color and word were separated or integrated using a pooled error term suggested by Kirk (1982) . When color and word were integrated, the Age × Stimulus Congruency interaction was significant, F(1, 74) = 21.16, p < .001, MSE = 20,710.31, indicating that interference was greater for older adults (M = 478 ms) than younger adults (M = 178 ms). In comparison, when color and word were separated, this interaction was not significant (F < 1, p = .78, MSE = 20,710.31), indicating that interference did not differ for older adults (M = 82 ms) and younger adults (M = 68 ms).
The number of trials correctly completed and the proportion of correct trials for the four Stroop task conditions were submitted to two 2 (age) × 2 (stimulus congruency) × 2 (stimulus integration) analyses (ANOVAs). For the number of trials correctly completed, the three main effects were significant: for age, F(1, 37) = 8.35, p < .001, MSE = 287.83, with younger adults (M = 53) completing more trials than older adults (M = 46); for stimulus integration, F(1, 37) = 39.75, p < .001, MSE = 4.03; and for stimulus congruency, F(1, 37) = 110.87, p < .001, MSE = 69.25. The main effects of stimulus congruency and stimulus integration were qualified by the Stimulus Congruency × Stimulus Integration interaction (see Table 1 ), F(1, 37) = 21.19,p < .O01,MSE = 1.52. For the proportion of trials correctly completed, the Stimulus Integration × Stimulus congruency interaction was significant (see Table 1 ), F(1, 37) = 10.24, p < .004, MSE = 0.001, as were the main effects of stimulus integration, F(1, 37) = 12.21, p < .003, MSE = 0.001, and stimulus congruency, F(1, 37) = 21.94, p < .001, MSE = 0.01.
Electrophysiological Data
Hartley (1993) suggested that the dissociation in Stroop interference observed when color and word were integrated, compared with when color and word were separated, resulted from differential sensitivity of the anterior and posterior attention systems to the effects of increasing age, with the anterior system being highly sensitive to the effects of increasing age and the posterior attention system being relatively immune to the effects of increasing age. If this hypothesis is correct, task-related activation of the EEG would differ for younger and older adults when color and word were integrated and be similar when color and word were separated. Furthermore, if this pattern results from the age-related decline of the anterior attention system, this effect will be observed prirnarily over the prefrontal cortex. These hypotheses were tested in a 2 (age) × 2 (stimulus congruency) × 2 (stimulus integration) MANOVA with In-transformed EEG power at the medial frontal (F3-F4), lateral frontal (F7-F8), parietal (P3-P4), and occipital (O1-O2) regions entered as dependent measures. As with Figure 1 . Median response latencies in the Stroop task for young and old adults as a function of stimulus congruency and color-word integration. Error bars represent one standard error.
2 During the review process, one reviewer expressed concern about the possibility of differential practice effects across the conditions of the Stroop task and suggested that the results might differ somewhat if only the second half of the data were considered in the analyses. To consider this reasonable hypothesis, we performed a three-way ANOVA on the median response latencies for only the second 50% of the trials from each Stroop condition. In this analysis, the three-way interaction remained reliable, F(1, 37) = 12.15, p < .001, MSE = 15,042.07, indicating that any effects of practice did not influence the relationship among the three independent variables. the behavioral data, the Age x Stimulus Congruency x Stimulus Integration three-way interaction was significant, h = .49, F(12, 26) = 2.21,p < .04. To evaluate the nature of this effect, the canonical structure detemaining the strength of the interaction at the four cortical regions under the separated and integrated conditions was considered (see Table 2 ). This analysis indicated that as predicted, age differences in task-related activation were reliable over the medial and lateral frontal regions, and not the occipital region, when color and word were integrated. This relationship was also significant over the parietal region when color and word were integrated. In keeping with the proposed model, this relationship was not significant over any region when color and word were separated.
Discussion
Findings from analyses of the eyes-open and eyes-closed EEG baseline data were consistent with those reported by several other researchers (Duffy, Albert, McAnulty, & Garvey, 1984; Marciani et al., 1994; Murata et al., 1994) , with power not differing between younger and older adults. The lack of an effect of age in the baseline data is important for two reasons. First, these null effects provide evidence that the older adults participating in this research were healthy, because previous research indicates that differences in baseline EEG are commonly observed among individuals with some form of age-related pathology and healthy younger and older adults, and not between healthy younger and older adults (Giaquinto & Nolle, 1986) . Also, this general absence of age-related effects in resting EEG permits task-related differences in EEG activation between younger and older adults to be evaluated without correction for baseline differences.
Findings from the behavioral data were also consistent with previous work. On the basis of Hartley (1993) , age-related differences in the magnitude of the Stroop interference effect were expected to emerge when color and word were integrated, whereas the magnitude of this effect was not expected to differ for younger and older adults when color and word were separated. When color and word were integrated, the Stroop interference effect was greater for older than younger adults. In comparison, the interference On the basis of the behavioral findings, an Age × Stimulus Congruency X Stimulus Integration interaction was expected to emerge in the electrophysiological data. Furthermore, this interaction was expected to be observed predominately over the prefrontal region. Analysis of the EEG power data partially supported these predictions, because this interaction was reliable over the medial frontal, lateral frontal, and parietal regions and not over the occipital region, with the processing of incongruent color-word information in the integrated condition resulting in greater activation for older than younger adults. In comparison, when color and word were separated, the pattern of activation was similar for younger and older adults across the scalp. The unexpected activation over the parietal cortex when color and word were integrated highlights a limitation of the use of EEG to localize functional neuroanatomy and indicates that EEG may be most useful in characterizing the general state of neural information-processing systems and not their specific localization within the cortex.
These findings are consistent with the results of both neuropychological and neuroimaging studies indicating that the prefrontal cortex is intimately involved in the performance of the Stroop task (Bench et al., 1993; Golden, 1976; Perret, 1974) . Perret and Golden repotted that damage to the dorsolateral region of the prefrontal cortex resulted in Stroop interference effects of increased magnitude, relative to normal controls and individuals with damage to other cortical regions. Also, Bench et al. (1993) reported that several areas of the anterior cingulate gyrus and the right frontal pole are selectively activated during performance of the Stroop task. The greater activation of the parietal cortex was not expected given the predictions of the study. However, extensive work with nonhuman primates indicates that the prefrontal and parietal cortices are highly connected through both direct and indirect pathways (Selemon & Goldman-Rakic, 1988) , so the greater activation of the parietal cortex may have resulted from the interaction between prefrontal and parietal regions during task performance. Continued work in the area of neurocognition is needed to further explore the nature of this interaction between prefrontal and parietal regions.
One of the prevailing interpretations of the Stroop interference effect is that interference results from an inability to fully ignore the influence of an incongruent word when trying to name the color of a stimulus (MacLeod, 1991) . Two recent models of prefrontal cognitive function have suggested that the prefrontal cortex supports the suppression of prepotent or highly learned responses that are inconsistent with current task demands (Diamond, 1990; Knight & Grabowecky, 1995) . Thus, age-related increases in the Stroop interference effect may have resulted from a decline in the functional integrity of this region, resulting in an inability to suppress the influence of incongruent word information. This interpretation of the age-related differences in task-related activation is supported by the observed Age × Stimulus Congruency × Stimulus Integration interaction.
An alternative model of prefrontal cognitive function would propose that the prefrontal cortex plays an intimate role in the maintenance of relevant information on-line during task performance (Goldman-Rakic, 1987) . A recent computational model that instantiates these ideas has successfully simulated data obtained from both normal controls and individuals with frontal brain lesions on a number of tasks sensitive to prefrontal insult, including the Stroop Color and Word Test, the Wisconsin Card Sorting Task, and a context memory task. This computational model compromises a single process within the network designed to maintain a balance among associative strengths of various sources of information active in working memory (Kimberg & Farah, 1993 ). In the current task, the individual was required to maintain a relatively novel series of color-key mapping responses and the task instructions to name the color and to disregard the word. On the basis of this model of prefrontal function, older adults may have had to work harder, resulting in greater EEG activation, to maintain the demands of the Stroop task while concurrently performing the color identification.
These findings contribute to a growing body of literature suggesting that the prefrontal cortex and the cognitive functions supported by this region may be somewhat more sensitive to the effects of increasing age than other cortical regions (West, 1996b) . The behavioral and electrophysiological data support the conclusions of earlier researchers suggesting that when task performance can be supported by the posterior attention system, age-related differences are typically not observed (Hartley, 1993) . In comparison, when task performance must be supported by the anterior attention system, age-related differences do emerge. Future efforts should be directed toward gaining a further understanding of the nature of cognitive deficits (i.e., memory or inhibitory based) resulting from prefrontal decline in later adulthood.
